Zero or low-carbon buildings can be achieved through novel technology solutions and integrating renewable energy into the buildings. One method of reducing the fossil fuel dependency of buildings and limiting greenhouse gas emissions is integrating the solar thermal system into the built environment. Recently, transpired solar collector has been identified as 1 of the most efficient solar thermal conversion technologies where a very high efficiency can be achieved. The proposed review paper investigates the performance of transpired solar collectors (TSCs) and discusses the relevant case studies in this context. This paper introduces the background and concept of TSCs. It mainly focuses on the study of parametric dependency of the performance of TSCs. The paper also investigates various mathematical models, experimental study, and numerical simulations particularly CFD used for TSC performance analysis. This proposed paper concluded that wind speed and airflow rate are the most dominant factor in TSC performance but solar irradiation, hole diameter, hole geometry, and pitch size have limited effect on TSC performance; also, profile with longer pitch tends to lower the collector efficiency and heat transfer coefficient. However, profile with shorter pitch tends to reduce the wind effect. 
| INTRODUCTION
Energy used by buildings is responsible for over 40% of overall EU energy use. 1 In the UK, the building operation consumes roughly 39% of total energy of which nearly 50% of the energy is used for heating and ventilation. 2 These energy usages have direct implications on greenhouse gas emissions (37% of greenhouse gas emissions comes from building sector). 3 CO 2 emissions resulting in global warming has become a demanding issue and needs to be addressed. 4 The mitigation of energy demand and greenhouse gas reduction can only happen by reducing the reliance on fossil fuels and effective use of lowcarbon technologies. 3 Previous studies show that the biggest proportion of energy usage in the buildings comes from the HVAC services and hot water usage. 5 With the aim of minimizing buildings' energy usage, several possible solutions have been investigated, eg, heat pumps, 6 natural ventilation for the passive cooling, 7 mixed-mode ventilation for passive heating, 8 energy storage system, 9 and the application of renewable or sustainable energy resources involving the solar energy into the building energy systems. [10] [11] [12] To achieve zero or low-carbon buildings, 2 main strategies are adopted: (i) use of passive technologies using energy from the natural environment 13 and (ii) the renewable energy integration to the buildings. 13, 14 One method of reducing building energy consumption and limiting the CO 2 emissions can be completed via the solar thermal system where solar energy is transformed into thermal energy. 15 Recently, transpired solar collector system (also recognized as unglazed transpired solar collectors (UTC)) has been identified as 1 of the most efficient 16 solar thermal conversion technologies where efficiency up to 80% can be achieved. Transpired solar collector system (TSCs) is being popularly used worldwide, and several applications for the TSC technology have been reported in literature, eg, solar heating/cooling, ventilation, 17 preheating, 16 process air, 18 solar-industrial drying, 19 etc. for instance transpired solar collector in black dark colours at Willmott Dixon Community Healthcare Campus, UK ( Figure 1 ). Several types of research have been carried out on the performance of TSC since the mid-1980s, for instance the impact of wind on the efficiency of transpired solar collector. 21 Achieving the best TSC performance requires a good balance of air flow rate, air temperature increase, collect efficiency, and pressure loss. 22 A higher value of mass flow results in better performance. 23 Also, TSCs are more flexible in colour option whereby lower absorptivity colour can be also be used. 24 A study has reviewed the performance of TSCs from the literature before 2012. 25 However, there is no or limited study which particularly focuses on the systematic review on parametric dependency study on TSC performance via highlighting the impact and importance of each parameter, eg, air flow, wind effect, solar irradiation, suction velocity, plenum thickness, perforation, and pitch size. With full cognizance of existing knowledge on TSC's performance, the proposed review paper investigates the literature related to TSC performance and discusses relevant case studies in the context. Background and concept of TSCs will be introduced. The novelty of this review paper is that it focuses on parametric sensitivity analysis including the impact of various parameters on the performance of TSCs.
| BACKGROUND
In the recent years particularly from 2010, there have been rapid advances in the use of transpired solar collectors. Additionally, many research studies have been carried out on TSC performance worldwide because of rising environmental concerns and improving renewable energy generation, such as from China, 24, 26, 27 multiple studies were reported from the United Kingdom, 16, 28, 29 few real-life examples from the sustainable building envelope demonstration (SBED) project in Wales, 20 Germany, 30 Canada, 31 and others. Transpired solar collectors were invented in the mid-1980s as an approach of preheating the ventilation air via solar irradiation for heating in buildings owing to its low cost and high energy efficiency. 32 A transpired solar collector on the south wall of a single-story industrial building in 2006 was first of its kind installed in the United Kingdom. 16 The transpired solar collector, a simple passive solar technology, can considerably strength building efficiency by preheating the ventilation air free of cost in commercial, industrial, military, and residential buildings. 17 Transpired solar collector is a collector system with its higher efficiency because of ventilating air freely to improve the building performances. 16, 17, 25 For instance, several studies demonstrate that TSCs are capable of reaching an immediate efficiency of above 70% when the suction velocity is over 0.02 m/second. 16 Figure 2 displays the working principle of building integrated TSCs. The absorber surface uses a perforated metallic sheet (commonly aluminium or steel), and it can be integrated into the building external wall. 25 The metal solar collector is passively heated during the day through diffused and direct solar radiation, and then, the ambient air is drawn through the perforated collector and into air cavity or plenum. As the air travels through the plenum (air gap or air cavity), it is heated up and then drawn into the building as ventilation fresh air. Overall, the TSCs are highly effective for preheating the ventilation air. 16, 25 However, in the summer, the warm air in the plenum can be exhausted via using a bypass damper to prevent overheating inside the built environment or can be used for water heating to maximize the usage of TSCs. 25 Additionally, the instantaneous thermal efficiency of the flat-plate solar collector is defined as the ratio of the valuable energy gained to the incident solar energy, and it is calculated using 33 :
| Working principles
The TSCs (with or without metal corrugated plate) efficiency (η) was assessed from an energy ratio transfers, ie, from the ratio of the heat delivered by the collector shared by the incident radiation absorbed by the surface of the collector. Unglazed transpired solar collector's efficiency can be calculated by the following 18 :
Meanwhile, the efficiency of hybrid photovoltaic thermal (PV/T) solar collector on the building façade is calculated using 34 :
where F R (τα) n refers to the characteristic parameter of the collector which shows how the energy is absorbed and F R U L represents the characteristic parameter of the collector which shows how the energy is lost.
| Collector construction and its parameters
The transpired absorber is normally made of the metal plate with equally distributed perforations and selective layers for absorbing the solar radiation. The perforated sheet is fixed at around 10 to 30 cm from the south-facing façade ( Figure 2 ). Perforating design ranges from 0.5% to 2% of the whole absorber surface area. 35 Air cavity or plenum is equal to the space between the plate profile and structural wall of buildings. There is an outlet on the back sheet for connecting with ventilation system by sucking the air with the fan which brings the outside air through the hole. The inlet air is heated and drawn up through the air cavity and drives to the ventilation system. 16, 25 Main design criteria while designing a collector for TSC are (i) profile of metal plate, (ii) pitch of the holes, and (iii) size/design of holes. There are over 300 profiles available in the market, and Figure 3 shows various pitch design of profiles because of different pitch size (PS) which can be classified into (i) profile with longer pitch (PS ≥ 200 mm), (ii) profile with medium pitch (100 mm ≤ PS > 100 mm), and (iii) profile with shorter pitch (PS ≤ 100 mm). Figure 3 shows that there are various profiles with different pitch sizes. In TSC performance, profile with shorter pitch and perforation diameter could cause manufacturing challenges. Profile with longer pitch is likely to decrease the collector efficiency and heat transfer coefficient, and it might decline its thermal efficiency. 36 Particularly, the pitch has less impact on collector efficiency than heat exchange effectiveness. 22 Also, shorter pitch tends to reduce the wind effect as well. Therefore, it is important to design pitch size because of its crucial impact on TSC performance. Also, Figure 4 shows that there are different types of holes available for TSC design such as round hole, square hole, single slots, elliptic holes, and many other special shapes. There are various types of pitches including square pitch, staggered pitch, and special pitches, and Figure 5 also shows varying hole sizes of round hole. It can be assumed that the performance of sheets varies because of varying geometry of holes and pitch. It is stated that the heat transfer and outlet air temperature increase of hole diameter weaken the heat transfer to air and outlet temperature. 36 Therefore, the hole diameter and pitch size also affect TSC performance. Also, there are various parameters affecting TSC performance such as porosity, geometry of holes, plenum dimensions, material and absorptance of the collector, air flow rate, plenum velocity, temperature rise, solar radiation, collector surface area, surface layers, wind condition and collector plate profile, and supplementary instrumentation. 19, 38 However, different parameters have various impacts because of the different location and climate. 19, 25 Parametric studies have been undertaken by scholars with finding the influence of various determents including the porosity, airflow rate, solar radiation, and solar absorptivity/thermal emissivity on collector efficiency, heat exchange effectiveness, air temperature rise, and valuable heat supplied. 22 
| Numerous forms of the transpired solar collector
The TSC can be classified into different types based on its implementation. 16 Figure 6 displays various types of TSCs such as stand-alone transpired solar collector, building integrated transpired solar collector including on a south-facing wall, 17 and roof-top mounted. 40 Further, it also describes the different applications or benefits of transpired solar collectors such as summer cooling, 41 preventilation, 42 drying the agricultural product, 19 and using in long-term storage warehouse. 
| Stand-alone transpired solar collector
Stand-alone transpired solar collector as the solar thermal system is a basic TSC that contains a porous absorber and is positioned to a bottom plate with sealing around the edges. In applications, stand-alone TSCs have been popular for providing low-temperature process heat for agricultural or industrial purposes such as crops and drying cardboard, textile, or paint.
20,22
| The roof-top mounted TSC
The roof-top mounted TSC lies on building the roof, and it can attain higher energy yields than TSCs integrated within south-facing barrier because of optimizing the tilt and orientation of the absorber freely to gain more solar radiation. 40 Roof integrated with an unglazed transpired solar collector (RIUTC) gains solar energy when it is visible to the high intensity of mainly beam solar radiation to get the most of sunlight ( Figure 7 ). Roof integrated with an unglazed transpired solar collector has the potential to significantly contribute to domestic heating. There is also some potential for developing RIUTC, for example, the possibility of the system being applied for summer cooling based on radiative and evaporative cooling techniques. 41 Roof integrated with an unglazed transpired solar collector is able to collect the solar radiation while preheating the air at the same time, which is also good to provide fresh air for the indoor environment. 41 Experimental study of a RIUTC has created efficiencies in the 60% to 80% range comparing to the glazed solar air collector with 25% efficiency. 43 On the contrary, RIUTC in comparison to TSC applied to the south-facing façade also has high maintenance costs, requirement of additional facilities to avoid bad weather like rains or snow, and more unitability of the system's performance because of bad weather condition 41 ; however, TSCs installed on south-facing façade as new building-integrated TSCs would overcome these difficulties, and it has been used successfully over the years because of its higher efficiency and great potential benefits on improving building performance, which is given in the next section.
| Building integrated transpired solar collector
A transpired solar air collector system transforms the sunlight into heating the building via south-facing wall, thereby creating an energy-efficient building with reduced energy usage and carbon dioxide emission of buildings. 20, 44, 45 It can also reduce buildings' operation cost via maintenance-free 45 and improve workers' performance via delivering fresh ventilation air for the occupancy. 16, 17 Therefore, TSCs have been used popularly in building industry, and there are some applications of building integrated transpired solar collectors as follows:
• Preheating ventilation air.
28
• Preheating water for a district heating network.
21
• Space heating.
27
• Desiccant regeneration for cooling application. 44 • Drying of agricultural products. 19 Also, building envelope integrated transpired solar collector is very effective for energy saving via 3 components including (i) saving energy from energetic solar gain, 46 (ii) recollected heat loss, 31 and (iii) recaptured and compacted heat loss from the wall. 47 Transpired solar collectors improve building's energy efficiency by seizing this lost heat in the air cavity during a cold day. 44 Therefore, TSCs have been used successfully in different types of building around the world over last decades and various applications of transpired solar collector system are given in Table 1 . According to Table 1 , 1 common feature has been found among all the case studies that the TSCs have great benefits on building energy saving, reductions of CO 2 emissions, and building operation cost. For instance, 39 MWh of energy is produced by the TSC system installed in SBEC annually. Moreover, Flin Flon General Hospital uses roughly 1523 GJ of energy generated by TSCs and decline its CO 2 emissions by 106 t yearly. However, the potential benefits in energy saving/generating or reducing CO 2 emissions would be different because of the total area of TSCs and different climatic conditions of various countries. Therefore, the climatic condition of countries is also 1 of the crucial factors to consider during the implementation of transpired solar collector technology. Moreover, it can be indicated that there is potentially beneficial when the TSCs is applying with other systems as a combined or hybrid system like energy storage, and photovoltaic (PV) system, which will be introduced in detail.
| The hybrid system integrated with TSCs
However, solar energy systems also have restrictions to meet the need for their own ability. 71 Thus, it requires the combination of multiple systems to maximize the usage of resources, which comes to the hybrid systems.
There are numerous technologies including PV, energy storages (like phase change material), and heat pumps. Those can be combined with TSCs as the hybrid system. Moreover, integration of PV and TSC system with building can be used to replace conservative building materials of roofs, skylights, or façades. 72 Newly building integrated photovoltaic/transpired solar collector system (BIPV/Ts) complete a comparable thermal efficiency. For instance, unglazed thermal collectors with additional photovoltaic could provide 10% to 15% higher collective efficiency. 73 With the contribution to achieving net-zero energy building, BIPV/Ts possess the following features 72,74-76 :
• The system is physically attached with buildings.
• The system generates electricity.
• The system generates thermal energy ready to be collected and used by the building, or the thermal behaviour of the system has an increasing effect on building energy performance.
Generally, PV systems lose energy because of unused heat generation, and it impacts the efficiency of PV systems adversely. 77 Building integrated photovoltaic/transpired solar collector system with its cooling fluid air or water is beneficial to generate the heat from PV. 76 Different types of BIPV/Ts are described by other researchers, for instance, the schematic of hybrid BIPV/Ts ( Figure 8 ).
The mixed usage of TSC and PV panels on building external wall is popular using meet the crucial demand to heat the inlet air during winter. Meanwhile, various nonresidentials could deliver most of the valuable thermal energy from exhaust air with buildings by heat recovery facilities; additional heat from BIPV/Ts can be consumed by heating the space or the water needed. Electricity production may be another benefit in summer months while heating services are not demanded. Therefore, BIPV/Ts can offer an approach for on-site electricity, producing thermal energy, environmental challenges faced in building. [78] [79] [80] 
| THE PARAMETRIC DEPENDENCY OF TSC PERFORMANCE
Different parameters affect thermal performance of TSC because analysing the thermal performance of transpired solar collectors is very compound ( Table 2) .
The dimensions of the UTC absorber with its operation condition affect the thermal performance of unglazed transpired solar collectors. 22 Recently, investigating the effect of heat transfer, efficiency, airflow rate, and pressure change on TSC performance have been done by researcher because those determents are the main important for TSC performance. However, the parametric study is crucial for analysing the dependency of different parameters to the performance of TSC. The thermal performance of transpired solar collector systems has been studied, and Table 3 displays them in chronological order by year. (ii) The heat transfer is more significant on the front surface of the absorber plate.
(i) Numerical estimation overrated the obtained efficiency as 13% for the smallest plenum widths.
(ii) The alternative lab ambient temperature (±1.5°C) which mostly weakens the outcomes for a reduced amount of mass flux.
Chan et al 24 
TSC
Experimental study Two different wind directions (normal flow and vertical flow) (i) The loss of heat is a smaller amount than 0.5% of total energy delivered.
(ii) Efficiency and heat exchange effectiveness at different mass flow rate is different.
(i) Heat transfer rate of normal direction is about 10% more than vertical direction at low solar radiation intensity.
(ii) Lower absorptivity colour can be used to receive more solar radiation.
Gao et al 26 
UTC
Experimental study
Colour effect of the collector, surface temperature, air flow rate, (i) Thermal efficiency of the system was 68.92% and 77.64% usually in low and high air flux respectively.
(ii) The heating demand of the building is declined by 6.4% by the integration of UTC. (i) UTC has better performance comparing to other glazed flat-plate solar air collectors.
(ii) Increasing air flow rate cause the reduction of air temperature rise but higher thermal efficiency can be reached by growing air flux.
Badache et al (ii) The loss of heat by convection affecting the thermal efficiency of the TTC is determined by solar radiation mainly.
(Continues) /hour, the efficiency has the highest point.
(ii) The horizontal collector has improved outcome by completing an efficiency up to 70% for the highest flow.
(i) The temperature rise decline with the increasing flow.
(ii) Particularly for the horizontal collector, at high flows, the suction performs better through high flows. (ii) It can lessen the emissions of pollutants by 11.6% to 69.6% in diverse operating ways. (i) GTC-based solar wall system is set as a better method to rough thermal conditions and low air quality.
(ii) The recommended solar wall system was operative for boosting the indoor thermal comfort with the higher quality of indoor air.
Chialastri and Isaacson

BIPV/Ts
Experimental and numerical investigation Solar irradiance, suction velocity (fan velocity) The BIPV/Ts collected highest air temperature rise of 31°C, and it generates 31% and 7% averagely for its thermal and electrical efficiencies
The system with low emissivity coatings produce 64.7°C as air temperature output and bring 40% growth in air temperature rise as greatest cost-effective resolution.
(Continues) (i) The thermal efficiency of the system has reasonable performance under the materials with low thermal conductivity.
(ii) Heat transfer of such devices can be evaluated mainly by the temperature difference.
(Continues) Table 3 shows the typical research done during last 2 decades via experimental and theoretical study to analyse the impact of each parameter on TSC performance. For example, the larger air flow through the collector results in higher collector efficiency though reduction in outlet air temperature. Hence, air flow rate impacts strongly on TSC performance in collector efficiency. Additionally, wind speed has a significant effect on the TSC performance; however, the hole geometry and solar radiation have rather lesser impact on TSC performance. It has been reported that the round hole shape brings a lower heat transfer, around 15% less than lobed geometry used in the solar collector. More importantly, other parameters, eg, hole diameter, pitch, solar radiation, suction velocity, plenum size, and inlet ventilation air, have to be taken into consideration to improve the TSC performance. A detailed summary of the impact of main parameters on TSC performance is shown in Table 5 . The parameters mainly included airflow rate, wind velocity, wind direction, solar radiation, the geometry of TSCs, and many other factors. However, there is lack of research on evaluating the effect of multiparameters on TSC performance, which needed to be tackled. However, there are lists of numerical and mathematical investigation that have been done to analyse the performance of the transpired solar collector; some of them are shown in Table 4 . Table 4 shows the typical research done during last 2 decades via numerical and mathematical modelling to analyse the impact of each parameter on TSC performance. Scholars have been using various software/ method like CFD, ANSYS Fluent Software, and TRNSYS to operate the parametric study on TSC performance. Generally, renormalization group k-ε (RNG k-ε) model has been popularly used among the researchers because RNG k-ε model has better performance in accuracy and stability. The majority of numerical modelling focused on the impact of wind speed, airflow rate, and solar radiation. Moreover, some of the papers also studied the effect of the geometry of TSCs especially pitch size and hole diameter and found out that the hole size and pitch distance have the great impact on the heat exchange effectiveness while less influence on air temperature rise.
Performance of TSCs relay significantly on different parameters (Table 5) . Wind speed and airflow rate are the most dominant factors in TSC performance in air temperature rise, heat exchange effectiveness, and collector efficiency. For example, in TTC, air flow rate affects the efficiency strongly ( Figure 9) . 61, 75 For example, low airflow through the collector has higher collector Airflow rate • Air temperature rises decrease with increasing airflow flux or rate.
18
• Larger airflow through the collector has higher collector efficiency.
35
• The efficiency increases with increasing air mass flux.
82
• Air velocity is 1 of the most vital determents influencing the efficiency. 92 
Wind velocity
• Wind velocity has a huge impact on the heat exchange effectiveness.
3
• Winds at an incidence angle of 45°to the UTC has the greatest effect on HEE. 84 Wind direction or angle • Wind direction is dominated factor in determining the near building flow pattern.
93
• Wind angle slightly impact on HEE. 3 
Solar radiation
• Increasing solar radiation has the least impact on the collector efficiency.
18,94
• Increasing solar radiation would bring higher air temperature rise.
3
• The effects of solar irradiation seem to be limited to HEE.
83
• Solar radiation influences collector efficiency slightly. 22 Hole diameter • Thermal efficiency declines by 28.89% via increasing porosity with the range from 4% to 44%.
95
• Dimensions of hole and pitch affect slightly the thermal performance of GTC.
27
• Hole diameter also has an adverse influence on efficiency.
92
• Slots width and pitch spacing has limited effect on HEE. 83 Perforation geometry • The geometry of perforations is important for the performance of TSCs.
96
• The diameter of perforation and the pitch shape have a slight impact on the heat delivered.
97
• For specific pitches, any modifications in perforation size influence the heat exchange effectiveness moderately. 22 Plenum diameter • Plenum thickness has the lower impact on efficiency comparing to air mass flux and solar irradiation.
18
• The effects of plenum thickness seem to be limited HEE. 83 efficiency, 18 while increasing air mass flux leads to the growth of heat exchange effectiveness. 82 Particularly, the peak collector efficiency did not occur the lowest wind speed as it occurs at nonzero wind speed. 93 Also, the geometry of perforations is important of the performance of TSCs. 96 However, hole diameter and plenum size have limited effect on TSC performance. Also, plenum thickness has a lower impact on efficiency comparing to air mass flux and solar irradiation. Meanwhile, hole pitch and hole diameter have a slight impact on the thermal performance of GTC. 55, 63 Majority of air temperature rise comes from solar radiation and a substantial amount of heat comes from captured wall heat loss at night. Additionally, painting of the collector is also very significant element affecting the TSC performance obviously as dark-coloured unglazed transpired solar collector perform better because of higher solar absorptivity via dark colour. 23, 24, 26 One typical example is that the black-coloured perforated plate collector got the highest values for the collector efficiency with 85% among colour various colours. Figure 12 displays the impact of airflow rate (approach velocity) on TSC performance based on heat exchange effectiveness and collector efficiency. Airflow has a huge impact on heat exchange effectiveness, for instance, heat transfer effectiveness is about 23% when the rate of airflow is from 0.01 to 0.03 m/second (Figure 10 ). However, higher approach velocities increase the heat transfer from the absorber plate and the perforated glazing to the air, and subsequently, it reduces the heat losses. Therefore, the efficiency increases with increasing air mass flux and larger airflow through the collector have higher collector efficiency. 18, 82, 92, 107 Moreover, black UTC has it efficiently as 77.64% and 68.92% with high and low air flow rate respectively. 26 However, higher mass flux causes the reduction of air temperature rise as it has a bigger impact on the air temperature rise. 
| Impact of airflow on TSC performance
| Effect of wind on TSC performance
Wind condition including speed and direction affects TSC performance because wind flowing through the collector's surface decline useful thermal energy to heat the air by effectuating convection heat loss. 84 Also, wind speed has a significant impact on HEE. 3 Figure 11 displays the impact of wind rate on the ideal (Hu/H) value in the top thermal efficiency and second law efficiency. According to the Figure 11 , the extreme equivalent thermal efficiency is at Hu/H = 0.6 when the wind velocity is 1 m/second; if 10 m/second for wind speed, the maximum equivalent thermal efficiency happens at Hu/H = 0.43; therefore, more heat loss is sustained via the growth of wind velocity. 36 Also, air temperature rise and surface temperature decrease roughly 57% and 29% separately during the range from 1 to 4 m/second for wind velocity. Meanwhile, HEE is changed by approximately 50% when the suction ratio is 0.01, and the wind velocity is between 1 and 4 m/ second changes. 3 Additionally, an increase of 2 m/second in the wind speed reduces UTC efficiency by about 20%. 84 Also, the wind angle or direction plays important role in TSC performance, especially on heat exchange effectiveness owing to the airflow near the perforated plate with consequently develop the air temperature rise.
3 Particularly, winds at an incidence angle of 45°to the UTC has the greatest effect on HEE. 84 Also, local velocities that affect
UTCs are influenced by wind direction and surroundings.
| Impact of solar radiation on TSC performance
Solar radiation engines the absorber plate heating process. Also, the impact of solar radiation on TSC performance has been analysed by various scholars (Figure 12 ). Especially, solar radiation has the great impact on air temperature rise and the surface temperature of the absorber. The air temperature rise and surface temperature rise with the growth of solar irradiation ( Figure 12A ) and the second low efficiency also can be improved by increasing of solar radiation ( Figure 12B) . 3, 18 For instance, growing solar radiation from 150 to 600 W/m 2 improves the surface temperature by about 33% at wind angle (β) = 0°, which allows the TSC to work at higher temperatures. Also, this effect is more obvious on the temperature rise, bringing a 70% development for the same solar radiation change. 3 Additionally, the increase in outlet air temperature caused by absorber plate temperature rise comes from the growth of solar irradiation intensity and the heat loss from the TSCs might increase via increasing solar radiation. 78 Therefore, air temperature rise and absorber surface temperature increase with increasing solar radiation. 3 However, solar radiation has the least influence on collector efficiency and HEE. 28, 55, 61, 66 3.4 | Impact of perforation diameter and pitch on TSC performance Figure 13A shows the impact of perforation pitch design on the collector's thermal performance and its efficiency.
Interestingly, air temperature rise shows firstly rise trend and then decline while the pitch size is increasing from 0.03 to 0.18 m. Increasing the pitch size from 0.05 to 0.18 m only brings a 0.3% decline in thermal efficiency because larger pitch size would improve the jet impingement in single perforation while it reduces the numbers of perforations. 103 Additionally, when the maximum second law efficiency is with the value of Hu/H = 0.25, this ratio does not change dramatically via increasing hole pitch ( Figure 13B ). However, the larger size of hole pitch or hole diameter results in the reduction of the second law efficiency. 78 For a special pitch, changes in perforation diameter might have impacts on the HEE only reasonably. For example, the changes from 1.25 to 1.55 mm for hole diameter could only cause 1.4% decrease in its effectiveness for a pitch of 18 mm. 22 Additionally, for a constant airflow, decreasing HEE comes from increasing the perforation pitch as increasing the size of the pitch from 12 to 24 mm results in an 11.5% drop in HEE ( Figure 13C ). Perforation pitch also has the less pronounced impact on collector efficiency because 3% decrease in collector efficiency is caused by the growth of pitch size from 12 to 24 mm ( Figure 13D ). Moreover, size of the pitch and perforated hole has a slight impact on the heat calmed than the pressure drop of collector 97 ; Figure 14A demonstrates the second law efficiency versus the optimum (Hu/H) value at different suction velocity. The result shows that the values of second law efficiency 36 However, the reduction of suction velocity declines thermal efficiency of a transpired solar collector. 102 Also, the temperature behind the absorber is seen to drop as suction velocity increase. Moreover, the growth of the effectiveness of transpired solar collector comes from the decrease if suction velocity ( Figure 14B ). Additionally, these temperature rise decreases with the suction air flow rate. Increasing the suction mass flow rate by about 0.02 kg/ m 2 , Tout-Ta decreases nearly 3 K. 47 Therefore, suction velocity affects the cavity flow velocity, and it has a profound impact on TSC performance and heat transfer process. Figure 15 shows a limited impact of plenum dimensions on collector efficiency, and the efficiency between the 2 plenum size (5 and 15 cm) is 1.92% and 2.85% respectively. Increasing the plenum depth minimizes the volume of convective heat transfer
| Effect of suction velocity on TSC performance
(A)(B)
| Effect of plenum thickness on TSC performance
(C) (D) 
| Impact of solar absorptivity and thermal emissivity on TSC performance
According to Figure 16 , the efficiency of solar collector is affected by solar absorptivity and thermal emissivity. For instance, at the variety of 0.02 to 0.03 m/second for approach velocity, the collector efficiency can be reduced by approximately 35% because of the drop of solar absorptivity from 0.95 to 0.50 ( Figure 16A ). There is 12.5% reduction of collector efficiency when the thermal emissivity was increased from 0.25 to 0.85 ( Figure 16B ). As is shown in Figure 18 , the energy received and efficiency of the collector is affected directly via solar absorptivity; hence, absorptivity has a greater impact on efficiency than the thermal emissivity. However, emissivity has impacts only on radiant heat loss from the collector; therefore, its influence on efficiency is relatively limited. 
| Impact of type of building on TSC performance
Transpired solar collector system has been implemented in all types of buildings including institutional buildings, industrial, commercial, and residential buildings for preheating the ventilation fresh air for HVAC system of buildings (Table 6 ). Also, this TSC technology has been used in military because of its efficient energy saving and free maintenance and also popular in warehouses and plants for process drying. Based on the case study, it can be assumed that TSCs have been popularly used in institutional and industrial buildings including hospitals, schools, warehouse, and pant rather than other types of buildings. Especially, it has been used mostly in institutional buildings as more case studies have been run in institutional buildings rather than other types of buildings (Figure 17 ).
| Impact of various modelling criteria on the evaluation of the TSC performance
There are several papers concentrated on different turbulence model such as standard k-ε, RNG k-ε mode, and shear stress transport k-ω (SST k-ω) used in numerical modelling for analysing and evaluating the performance of TSCs (Table 7 ). It is obvious that different turbulence models have been applying with its different impact on thermal modelling of TSC performance ( Figure 18 ). Both the standard and the RNG k-ε models have been widely used for indoor environment simulation. Scholars have been using more RNG k-ε turbulence model than the other models because RNG k-ε turbulence model performs better considering of accuracy and stability for numerical modelling. Figure 18 displays the various impacts of different turbulence models. As a result, the standard k-ε and the RNG k-ε model bring similar outcomes with the realizable k-ε model. However, the results are steadier for convergence and more reliable. The SST k-ω model has different results than all the k-ε models as that surface temperature is overrated. Additionally, both the standard k-ε and the RNG k-ε model can perform with precise outcomes for thermal modelling. The standard k-ε model was mostly used for the parametric study because it spends less computing time but has improved convergence process. 101 However, in accuracy, numerical stability, and computing time, the RNG k-ε model is the best option to use. 109 Also, most studies showed that the RNG k-ε model has better performance than the standard k-ε model in whole simulation performance. 110 Therefore, scholars have been using RNG k-ε model to make thermal modelling on the performance of transpired solar collector in numerical simulation software.
| DISCUSSIONS
However, it is different to compare the significance of each parameter on TSC performance because of uncertainty like different climate condition and lack of correlation. Therefore, there are some potential points for further research on TSC performance as the following Table 8 . According to Table 8 , there are some limits of previous research with its potential points for improving the TSC performance and its application into building section in heating and ventilation. Previous studies have been analysing the impact of different parameters under some assumption; however, the impact of different parameters on TSC performance in a single or couple parameters in same time still needs to be analysed. Also, the energy There is a need for evaluations about the impact of multiple parameters on system performance.
Frank et al 47 
2005
There is a limited study on evaluating the relationship between the plate and the air through the air cavity.
Chan et al 111 
2010
There is more need for analysing building performance in energy consumed and thermal comfort with using transpired solar collector
Ogden et al 16 
2011
Analysing the possibility of the system being used for summer cooling based on radiative and evaporative cooling techniques; also, the ability of the system to withstand weathering will also need to be considered Genevès et al 44 
2012
UTC needs more optimization to reflect implementation in many aspects of heat recovery; corrugated plates, hole shapes, flow paths, actual pressure drop, and slope need further study performance on building integrated TSCs system on air temperature rise, increasing thermal comfort, and energy savings in an extreme condition hourly, daily or, yearly also can be studied.
| CONCLUSION
This paper presents a systematic literature review focusing on parametric dependencies and evaluation of numerical models. Further parameters and model types used in numerical modelling that affect TSC performance has also been discussed and compared in detail. On the basis of previous papers on TSC performance, the conclusions are as follows:
1 There are various constraints which affect the performance of TSC, while wind speed and airflow rate are the most dominant factors in TSC performance in air temperature rise, heat exchange effectiveness, and collector efficiency and winds at an incidence angle of 45°to the TSCs have the greatest effect on heat exchange effectiveness; however, hole diameter and plenum size have limited effect on TSC performance. 2 Profile with longer pitch mostly has lower the collector efficiency and heat transfer coefficient, and this brings a reduction in thermal efficiency. However, profile with shorter pitch tends to reduce the wind effect. Particularly, the pitch has a slight effect on collector efficiency than heat exchange effectiveness; 3 Plenum depth has slight impact on (improvement of 2.85%) efficiency if the width is increased from 5 to 15 cm. However, the improvement in efficiency in different climatic condition and various types of TSCs will result in further change in efficiency. 4 Regarding the accuracy, numerical stability, and computing time, the RNG k-ε model would be the best option for the numerical modelling. Also, most studies showed that the RNG k-ε model has better performance than the standard k-ε model in whole simulation performance. 5 The impact of multiparameter optimization on TSCs needs more research. Also, the energy performance on building integrated TSC system on air temperature rise, increasing thermal comfort, and energy savings in an extreme condition also need investigation.
